Kinin peptides ubiquitously occur in nervous tissue and participate in inflammatory processes associated with distinct neurological disorders. These substances have also been demonstrated to promote the oxidative stress. On the other hand, the importance of oxidative stress and inflammation has been emphasized in disorders that involve the neurodegenerative processes such as Parkinson's disease (PD). A growing number of reports have demonstrated the increased expression of kinin receptors in neurodegenerative diseases. In this study, the effect of bradykinin and des-Arg 10 -kallidin, two representative kinin peptides, was analyzed with respect to inflammatory response and induction of oxidative stress in a PD cellular model, obtained after stimulation of differentiated SK-N-SH cells with a neurotoxin, 1-methyl-4-phenylpyridinium. Kinin peptides caused an increased cytokine release and enhanced production of reactive oxygen species and NO by cells. These changes were accompanied by a loss of cell viability and a greater activation of caspases involved in apoptosis progression. Moreover, the neurotoxin and kinin peptides altered the dopamine receptor 2 expression. Kinin receptor expression was also changed by the neurotoxin. These results suggest a mediatory role of kinin peptides in the development of neurodegeneration and may offer new possibilities for its regulation by using specific antagonists of kinin receptors.
Introduction
Neurodegenerative disorders represent a global health problem, being a major cause of high mortality among elderly populations. One of the most common degenerative diseases of the nervous system is Parkinson's disease (PD). It is related to the death of dopaminergic neurons in the basal ganglia of the brain [1] . Regardless of the etiology of this disease, including genetic or environmental factors, inflammatory processes are associated with the progression of neurodegeneration [2, 3] . In fact, several lines of evidence confirm the interdependence between neuroinflammation and neurodegenerative disorders, including an increased cytokine release and an imbalance of molecules involved in oxidative stress [2] [3] [4] [5] . These substances, produced mainly by microglial and dendritic cells, act on astrocytes and neurons, inducing secondary responses that can lead to uncontrolled inflammation in nervous tissues, resulting in cell apoptosis. Moreover, the ability of neuronal cells to release inflammatory mediators and reactive oxygen species (ROS) in response to stimulus has also been reported [5] . Therefore, an indirect self-destruction of neurons cannot be excluded in neurodegenerative disorders. Current studies have shown that kinins, potent proinflammatory peptides, can be produced by cells of the nervous system, even by neuronal cells [6] [7] [8] , and their presence is correlated with neuroinflammation [9] [10] [11] . Differentiated and INF--stimulated neuroblastoma cell line IMR-32 was able to produce quickly significant amount of bradykinin and its metabolites, the peptides without arginine residue at the C-terminus that act through a specific kinin receptor type 1 (B1R), enhancing inflammatory responses [6] . In addition, an increasing number of studies indicated the involvement of kinin receptors in neurological disorders including those associated with cell degeneration [11] [12] [13] [14] [15] . It 2 Mediators of Inflammation was demonstrated that kinins can activate not only nonneuronal cells, such as astrocytes and microglia, but also neurons, causing proinflammatory reactions [16] [17] [18] . Recently, interesting investigations on anti-inflammatory therapies in Parkinson's disease were reported [19] . Despite the fact that no direct evidence of the participation of kinin peptides in PD has been presented so far, the examination of the impact of these peptides on degenerative processes seems to be interesting. In the present study, we investigated the influence of bradykinin (BK) and des-Arg 10 -kallidin (DAKD) on apoptosis markers (such as caspase activity) or cell viability in a PD cellular model. Neuron-like cells, obtained from retinoid acid-differentiated human neuroblastoma cell line SK-N-SH, treated with a neurotoxin, 1-methyl-4-phenylpyridinium (MPP+), showed enhanced degenerative response. The treatment with kinin peptides enhanced this effect and was accompanied by increased cytokine release and generation of oxidative molecules.
Materials and Methods

Chemicals.
Rabbit polyclonal antibodies against kinin receptor 1, mouse monoclonal antibodies against kinin receptor 2 (B2R), FITC-conjugated goat polyclonal antibodies against rabbit, and TRITC-conjugated rabbit polyclonal antibodies against mouse were supplied by Abcam (England). BK and DAKD were obtained from Bachem (Switzerland). ELISA kits for detection of cytokines, interleukin-1 (IL-1 ), interleukin-6 (IL-6), and tumor necrosis factor-(TNF-), were purchased from BD Biosciences (USA). 2-Mercaptomethyl-3-guanidinoethylthiopropanoic acid (MGTA) was supplied by Calbiochem (USA) and Fluorescence Mounting Medium from DAKO (Denmark). All primers were obtained from Genomed (Poland). SYBR Green Kit for Real-Time PCR was purchased from Kapa Biosystems (USA). A kit for the determination of caspase 3/7 activity (CaspoGlo3) and M-MLV Reverse Transcriptase kit were from Promega (USA). Rabbit polyclonal antibodies against receptor D2 (D2R) were purchased from Santa Cruz Biotechnology (USA). 2,3-Diaminonaphthalene (DAN), 2,7-dichlorodihydrofluorescein diacetate (DCFH2-DA), icatibant (HOE), des-Arg 10 -icatibant (desHOE), captopril, bacitracin, protease inhibitors, retinoid acid (RA), 1-methyl-4-phenylpyridinium (MPP+), resazurin sodium salt, 4,6-diamidino-2-phenylindole (DAPI), TriReagent, and standard chemicals were supplied by Sigma (USA). Antibiotics, antimycotics, cell culture media, fetal bovine serum (FBS), nonessential amino acids, and sodium pyruvate were purchased from Thermo Scientific (USA).
Cell
Culture, Differentiation, and PD Cellular Model. The human neuroblastoma cell line SK-N-SH supplied by ATCC (USA) was cultured in MEM medium supplemented with 1% nonessential amino acids, 1 mM sodium pyruvate, 1 U/mL penicillin, 1 g/mL streptomycin and 2.5 g/mL amphotericin B, and 10% FBS in a humidified atmosphere containing 5% CO 2 at 37 ∘ C. SK-N-SH cells were differentiated with 5 M RA into neuronal-like cells according to previously published method [20] . The PD cellular model was obtained by stimulation of RA-differentiated cells with 2.5 mM MPP+ in 1% FBS MEM medium for 24 hours. Changes in neurite length were observed with an inverted phase contrast microscope (Nikon Eclipse TS100, Japan) equipped with ToupCam Industrial Digital Camera (TP605100A, China) before and after stimulation with neurotoxin.
Cell Viability Measurement.
The effect of kinin peptides on cell viability in the cellular PD model was evaluated by using AlamarBlue5 assay. After differentiation, cells were incubated with BK and DAKD at different concentrations (1 nM or 1 M) in 1% FBS cell medium supplemented with kininase inhibitors (10 M MGTA, 20 M captopril, and 500 M bacitracin) for 24 hours. On the next day, cells were treated with 2.5 mM MPP+ in fresh medium containing kinin peptides. After further 24-hour incubation, the cell viability was tested. Briefly, the stimulating medium was discarded and 100 L of 10% resazurin in phenol red-free medium was added to each well. Then, cells were incubated for 4 hours at 37
∘ C and after that time the fluorescence of supernatants was measured using Synergy H1 microplate reader (BioTek Instruments, USA) at 560 nm excitation and 590 nm emission wavelengths. Simultaneously, samples without MPP+ or kinin treatment were also measured.
Caspase Activity Measurement.
Caspase 3/7 activity was assayed with a chemiluminescent method using a luminogenic substrate. RA-differentiated cells (6 × 10
3 ) were incubated with BK or DAKD at 1 nM or 1 M concentration for 24 hours. Next, the samples were stimulated as during the viability test (see above) and after further 24 hours caspase 3/7 activity was measured according to the manufacturer's instructions. Chemiluminescence was measured using Synergy H1 microplate reader (BioTek Instruments, USA). Some samples were first preincubated with antagonists for kinin receptors, icatibant (HOE), and des-Arg 10 -icatibant (desHOE) at 1 M concentration for 2 hours before treatment with kinins and the antagonists were also added during the further incubation with kinins and MPP+.
Gene Expression Analysis.
Total RNA from untreated cells or cells incubated with 5 mM MPP+, 1 M BK, or 1 M DAKD for several hours was isolated with Tri-Reagent. Expression of mRNA for B1R, B2R, D2R, IL-1 , IL-6, inducible NO synthase (iNOS), and TNF-was analyzed with Real-Time PCR procedure. Expression of elongation factor 2 (EF-2) mRNA was also determined in each sample for subsequent quantitative analysis. cDNA was synthesized with M-MLV Reverse Transcriptase kit according to the manufacturer's instructions. Then, the amplification of cDNA was performed with SYBR Green Kit and specific primers, using the 7500 Fast Real-Time PCR System thermocycler (Life Technologies, USA). The primer pair sequences for the analyzed genes are specified in Table 1 . The annealing temperature of Real-Time PCR was 58 ∘ C for B1R, B2R, and EF-2, 60 ∘ C for D2R and IL-6, and 62 ∘ C for IL-1 , iNOS, and TNF-. The PCR conditions were 95 ∘ C for 10 min, [21] . SK-N-SH cells (1.3 × 10 5 ) were seeded in a clear bottom opaque microplate, precoated with 1% gelatin. After differentiation, cells were pretreated with kinins as described above and next incubated for 30 minutes with 100 M DCFH2-DA in medium containing 1% FBS. Then, cells were washed three times and stimulated with 1 M DAKD or 1 M BK in the presence of 2.5 mM MPP+ or without neurotoxin. The changes in fluorescence signal were measured every 30 seconds during 20 minutes at 37 ∘ C, using microplate Synergy H1 reader at excitation and emission wavelengths of 485 nm and 528 nm, respectively.
Measurements of NO Release.
A fluorometric assay [22] was used to analyze the influence of kinin peptides on the production of nitrites (one of the final NO metabolites). Confluent RA-differentiated cells were treated with kinins as described above and next incubated with 1 M BK and 1 M DAKD in the presence of or without 2.5 mM MPP+ for 15 and 30 minutes. After this incubation time, nitrite concentration was measured in supernatants. Briefly, 100 L of supernatant was mixed with 10 L 0.05 mg/mL DAN in opaque microplate and incubated for 30 minutes in the dark. The reaction was stopped by the addition of 5 L 2.8 M NaOH and fluorescence was measured in Synergy H1 microplate reader at excitation and emission wavelengths of 365 and 450 nm, respectively. The nitrite concentrations were calculated on the basis of two different standard curves (with and without MPP+).
ELISA Measurements of Cytokine Release. SK-N-SH cells (4 × 10
5 ) were seeded in a 12-well plate, differentiated for 3 days with RA, and then stimulated for 6 or 24 hours with 1 M BK or 1 M DAKD in the presence of 2.5 mM MPP+ or without neurotoxin. Some samples were first preincubated with antagonists for kinin receptors as described above. All experiments were performed with medium supplemented with protease and kininase inhibitors. The assessment of cytokine release (IL-1 , IL-6, and TNF-) into the medium was evaluated with ELISA kits according to the manufacturer's instructions. Absorbance was measured with the use of PowerWave microplate reader (BioTek Instruments, USA) at 450 nm.
Immunofluorescence Analysis of Kinin and Dopaminergic
Receptors. To determine cell surface receptors, B1R, B2R, and D2R, an immunofluorescence technique with specific labeled antibodies was used. Cells (5 × 10 4 ) were seeded on glass cover slides in a 12-well plate and after RA-differentiation were stimulated with 5 mM MPP+ for 1, 2, and 5 hours. Additional experiments aimed to analyze the effect of kinin peptides on D2R expression were also performed. Differentiated cells were incubated with 1 M BK or 1 M DAKD for 30 minutes, 1 hour, and 3 hours. Next, following fixation with cold methanol and 1-hour blocking with 2% FBS, cells were incubated overnight at 4 ∘ C with 50-fold diluted primary antibodies: rabbit polyclonal anti-B1R, mouse monoclonal anti-B2R, and rabbit polyclonal anti-D2R. After washing, samples were incubated for one hour with diluted (1 : 250) secondary antibodies : goat FITC-labeled anti-rabbit or rabbit TRITC-labeled anti-mouse. Then, 2 M DAPI was added for 10 minutes and, after extensive washing, cover slides were mounted on microscope slides using Fluorescent Mounting Medium. Negative control samples were prepared omitting the incubation with primary antibodies. The samples were analyzed with epifluorescence DMIRE2 microscope (Leica, Germany) and images were taken at 40x magnification under oil immersion. The intensity of fluorescence was measured in at least three randomly chosen fields of every picture using ImageJ software. The measured area was selected with "brightness slicing" procedure, with a constant lower threshold value. The values for negative control samples were subtracted from the positively labeled slides. The result for control groups was taken as 100% fluorescence intensity.
Statistical Analysis.
All values are presented as means ± standard deviation from at least three experiments; the statistical significance was analyzed by Student's -test.
Results
Kinin Peptides Induce Apoptotic Processes in PD Cell
Model. A suitable cellular model of Parkinson's disease was obtained after stimulation of the neuron-like cells with neurotoxin MPP+. The RA-differentiated SK-N-SH cells showed increased neurite degeneration, accompanied by decrease of cell viability and an enhanced activity of caspases after 24-hour incubation with 2.5 mM MPP+ (Figure 1 ). The welldeveloped neurite net was broken (see arrows in Figure 1 (a)); cells presented changed morphology being more round and some cells were even detached from the plastic support. The cytotoxic effect of neurotoxin on these cells was assayed with AlamarBlue test, showing a significant decrease of cell viability (by 38%), as compared with nonstimulated cells (Figure 1(b) ). Kinin peptides, BK as well as DAKD, at the higher concentration (1 M) caused a slight, insignificant decrease of cell viability (by 10%) while at the lower concentration (1 nM) no toxicity on cells was observed (results not shown). Cells treated with BK and DAKD at 1 M final concentration were more vulnerable to the MPP+ action. In this case, cell viability was significantly decreased (by ca. 50%) after neurotoxin stimulation. Likewise, meaningful changes in caspase activity were observed after MPP+ stimulation, without and with BK or DAKD treatment (Figures 1(c) and 1(d), resp.). The effect of kinin peptides at 1 nM concentration was smaller (results not shown); thus, in the following experiments only the higher concentration was used. Neuron-like cells, stimulated with neurotoxin, showed an increase in enzyme activity by 100%, as compared to control cells (cells without stimulation were assumed to present 100% of basic enzyme activity). BK and DAKD caused only insignificant increase in caspase activity (by 20% and 32%, resp.). However, these peptides significantly influenced the cell response to MPP+. BK-treated cells showed a 132% augmentation whereas DAKD-treated cells presented an even higher caspase activity after MPP+ coincubation (156%). In addition, the use of antagonists of kinin receptors, HOE and desHOE, produced an inverse effect, suggesting the direct involvement of kinin receptors. Incubation of cells with these substances caused an inhibition of BK-and DAKD-induced caspase activity but it did not affect the MPP+ action significantly. (Figures 2(a) and 2(b), resp.) . Surprisingly, the response of the cells treated with kinins and MPP+ is much greater (up to eightfold) than that of the cells treated only with kinin peptides. Neuron-like cells showed a quick response, especially to BK. A slight increase of ROS level by BK (by 40%) after 30 seconds was observed while DAKD effect (enhanced ROS production by 50%) appeared later (after 2 minutes). Further incubation showed a tendency of ROS level to decrease even below the basis level detected in control cells. However, after 10-minute incubation the cells achieved a level similar to that observed in untreated cells. In the case of the cellular PD model (cells were additionally incubated with MPP+) the effect of kinin peptides on ROS production was stronger and delayed. The maximal ROS release by both peptides was observed after 5 minutes and increased ca. eightfold as compared with cells treated only with MPP+. The increased ROS level was largely retained especially after DAKD activation, achieving values similar to control cells after 15 minutes from the stimulation start.
Effect of Kinin Peptides and MPP+ on Oxidative Stress of
The effect of kinin peptides on oxidative stress in neuronlike cells was also estimated by measuring iNOS mRNA expression and NO release by cells. The iNOS mRNA expression was significantly elevated by DAKD and MPP+ (Figure 3(a) ). The DAKD effect was the highest, showing a 2-fold increase of mRNA expression, whereas MPP+ and BK caused an increase in mRNA expression by 75% and 40%, respectively. It should be pointed out that this effect was time-dependent; kinin peptides enhanced mRNA expression of iNOS quickly (after 30 minutes) while the maximum response to neurotoxin appeared after 4-hour incubation. The NO release by neuron-like cells after stimulation with BK, DAKD, and MPP+ is presented in Figures 3(b) and 3(c) . No significant effect of BK was detected whereas DAKD caused a significant increase (by 60%) after 30 min incubation. MPP+ induced a higher NO release, by 80% and 100%, after 15-minute and 30-minute incubation, and this effect was significantly enhanced in the presence of DAKD but not of BK. The simultaneous activation with MPP+ and DAKD led to an increase in NO metabolites by 50%, as compared to treatment with MPP+ alone.
Inflammatory Response of PD Cellular Model to Kinin
Peptides. The ability of BK and DAKD to induce cytokine expression in neuron-like cells was analyzed by Real-Time PCR and ELISA techniques (Figure 4 ). Increased mRNA expression for TNF-, IL-1 , and IL-6 was registered after just 30 minutes of incubation with peptides. The highest values were obtained for TNF-mRNA expression after 30-minute stimulation with BK and DAKD, showing over 25-fold increase as compared to nonstimulated cells (Figure 4(a) ). The effect of MPP+ on the induction of TNF-mRNA in cells was more moderate but significant, showing a 14-fold increase. In addition, the maximal response to neurotoxin was registered after 4-hour incubation. The effect on TNFprotein release by cells after incubation with peptides and MPP+ was quick and after 6 hours protein production was enhanced by 25%, 38%, and 23%, respectively, for BK, DAKD, and MPP+, as compared with untreated cells (Figures  4(b) and 4(c) ). Moreover, a slight augmentation of TNFprotein was observed when cells treated with kinin peptides were stimulated with neurotoxin; the amount of this protein was then 20% greater than in cells stimulated with MPP+ alone. In the case of IL-1 , kinin peptides (BK, DAKD) and MPP+ caused considerable increase in mRNA expression, 4-, 7-, and 2-fold, respectively (Figure 4(d) ). The maximal mRNA expression was observed after 30-minute stimulation with BK and DAKD and after 4-hour neurotoxin incubation. Nevertheless, IL-1 protein release after 24 hours was only slightly induced by kinin peptides (1.5-fold and 2-fold for BK and DAKD, resp.) while neurotoxin effect was significantly higher, about 3-fold (Figures 4(e) and 4(f) ). Nonetheless, a synergic effect of BK or DAKD with MPP+ on IL-1 release was observed. The amount of protein in supernatants was higher than that from cells incubated with neurotoxin alone (by 54% and 72% for BK/MPP+ and DAKD/MPP+, resp.). Besides, the expression of IL-6 mRNA, induced by BK and DAKD, was relatively lower (3-fold and 2-fold, resp.), albeit these changes were significant in comparison to nonstimulated cells (Figure 4(g) ). MPP+ caused a slight but significant enhancement increment of IL-6 mRNA (by 1.7-fold). The protein release was also significantly induced by kinin peptides (by 160% and 190% for BK and DAKD treatment, resp.) and by MPP+ (over 3.5-fold) (Figures 4(h) and 4(i) ). Similar as in the case of other cytokines, simultaneous cell treatment with kinin peptides and MPP+ also led to an improved protein production (about 420% as compared with untreated cells). The samples treated with antagonists inhibited the production of cytokine proteins, demonstrating that the increment achieved by BK and DAKD in the presence of MPP+ was caused by the activation of the kinin receptors. 
The Effect of Neurotoxin MPP+ on the Expression of Dopamine Receptor 2 and Kinin
Receptors. The effect of MPP+ on receptors' expression in the neuron-like cells was analyzed at gene and protein level. The D2R mRNA expression by MPP+ was unequivocally decreased ( Figure 5 ). Significant changes were observed after 4-hour incubation when the amount of D2R mRNA decreased by 40% (Figure 5(a) ). These observations were in accord with protein expression of this receptor that was diminished to 37% after 5 hours (Figures 5(b) and 5(c) ). On the other hand, the expression of kinin receptors was also affected by neurotoxin. The induction of mRNA expression of B1R by MPP+ is undisputable (Figure 6(a) ). A significant increase in mRNA expression as compared with control cells (by 200%) was observed after one hour. These changes were preserved after further 3 hours, at a lower but still significant level. Likewise, the amount of B1R protein in the cell membrane was enhanced, leading to above 2-fold augmentation after five hours (Figures 6(b) and 6(c) ). Conversely, the expression of B2 receptor in neuronal cells showed a decreasing tendency after neurotoxin treatment (Figure 7) . A slight diminution of B2R mRNA was observed after 4 hours (by 20%) but it was not significant as compared to control cells (Figure 7(a) ). Nevertheless, the decrease of B2R protein in neuron-like cells observed after MPP+ stimulation (achieving a maximal decrease after 5 hours by 25%) was significant in comparison to untreated cells (Figures 7(b) and 7(c) ).
The Effect of Kinin Peptides on the Expression of Dopamine
Receptor 2. D2R expression at mRNA and protein level was analyzed after stimulation with kinin peptides at different time intervals. Mainly, cell incubation with BK and DAKD caused a decrease of D2R mRNA (Figure 8 ). However, this effect was decidedly stronger and significant in the case of DAKD stimulation (Figure 8(b) ). BK induced a decrease of mRNA (over 60%) but only after 3-hour incubation (Figure 8(a) ), whereas DAKD achieved a similar effect faster, just after 30 minutes of incubation. At the protein level, the cell responses to kinin peptides were comparable (Figures 8(c)-8(e) ). The quantitative analysis of the pictures obtained with immunofluorescent technique showed a significant diminution of D2R expression in cells. Changes of the amount of D2R protein were observed after 3-hour BK stimulation (by 20%) and after 1-and 3-hour DAKD stimulation (by 20% and 32%, resp.).
Discussion
A possibility that tissues of the central nervous system, through the production of inflammation mediators, may contribute to the regulation of neurodegenerative processes [23] incites the reconsideration of these processes in terms of well-known cellular processes associated with inflammation. Kinins and the components necessary for their production are abundantly present in nervous tissues [11, 12, 24] . These substances have been associated with the potentiation of inflammatory responses in nervous tissues [25] . Thus, it is likely that these peptides may contribute to neuronal degeneration by enhancing inflammatory response. Hence, in this study we analyzed the influence of the main kinin peptides, BK and DAKD, in the promulgation of neurodegenerative processes in a cellular model of PD. For this purpose, a popular cellular model related to the human neuroblastoma cell line (SK-N-SH) was differentiated into neuron-like cells with RA [20] . The apoptotic state of these cells was achieved after treatment with MPP+ neurotoxin. The use of this substance as a proapoptotic factor in cellular and animal PD models has been frequently reported [26, 27] . The PD model obtained in this study showed significantly diminished cell viability, with the loss of neurites and enhanced caspase activity (Figure 1 ). With the help of this model the effect of kinin peptides on apoptosis could be appreciated. Neither BK alone nor DAKD alone did influence significantly the viability of neuron-like cells. However, cell death was significantly enhanced when cells were treated with these peptides before MPP+ incubation, suggesting a better predisposition for neurodegeneration in tissues rich in kinin peptides. In addition, kinin peptides were also able to trigger apoptotic processes through activation of caspases in the PD cellular model. Despite a slight insignificant increment in caspase 3/7 activation by BK and DAKD, these peptides contributed to an enhanced MPP+-induced enzyme activity. Caspase 3 and caspase 7, as executioner enzymes, once activated, can accelerate a feedback loop of caspase activation leading to cell death [28] . The results obtained in this study argue in favor of a proapoptotic effect of both peptides, BK and the active metabolite DAKD, in the PD cellular model. However, a distinct role of B2R and B1R has been proposed in neuronal apoptosis induced by organophosphates [29] . The authors demonstrated that B1R can promote cell damage while B2R may exert a protective role during neurotoxin-induced toxicity. A neuroprotective role of BK against NMDA-mediated excitotoxicity was also suggested [30] . Nevertheless, in our study, the BK-induced effect on the increase of caspase activity in MPP+-treated cells was downregulated by the B2R specific antagonist (HOE), showing an inversion of the BK-induced effect (Figure 1(c) ). It should be emphasized that the used concentration of bradykinin was very high, usually considered as pathologic [31] . Hence, the observed effects could take place in vivo only if kinin peptides were in abundance in the nervous tissues.
It should be noted that in these experiments cells were treated with BK for extended time before neurotoxin stimulation. Pathologic amount of kinin peptides can stimulate ROS production and cytokine synthesis, even in neuronal tissues [24, 31] . In fact, we were able to observe different effects on ROS production induced by BK and DAKD in the PD cellular model in comparison with the effect induced in neuronal cells (Figure 2 ). In the latter case, ROS production was immediately induced by kinins and this effect was quickly reversed while in the PD model these peptides caused a much stronger and longer effect. In this context, the difference between our findings and those describing the protective role of BK on cell apoptosis could also be attributed to the different cell response following neurotoxin stimulation. A long exposure of nervous tissues on pathological quantities of BK could make these cells more vulnerable to neurotoxins.
The level of NO in the central nervous system is regulated by a relevant enzyme, neuronal NO synthase, whereas the inducible form (iNOS) is not expressed [32] . However, in pathological situations the expression of this enzyme becomes elevated. Indeed, the mediation of oxidative stress, through ROS and reactive nitrogen species such as NO, in apoptosis is related to a mitochondrial impairment [33] . In addition, acute and chronic oxidative stress may be involved in diverse neurodegenerative diseases, including PD [32] . Experimental models of PD show enhanced iNOS expression with increased NO release. Accordingly, our PD model using MPP+ also displayed increased expression of iNOS mRNA with significant NO production ( Figure 3 ). However, our results demonstrate only a slight increase in iNOS mRNA induced by BK in neuron-like cells, without NO production ( Figure 3 ). In addition, BK was unable to induce NO release also in the PD cellular model. Hence, the observed BKinduced decrease in cell viability and increased caspase activity cannot be unequivocally assigned to the deregulation of oxidative stress. Probably, BK can activate different cellular pathways involved in apoptosis, including those associated with inflammatory response. The study of inflammatory response in our PD cellular model could provide a hypothesis on BK action. There is emerging evidence that inflammatory processes involving microglia and astrocytes can mediate neurodegeneration, including that in Parkinson's disease [2, 3, 23] . Nevertheless, in this study we demonstrated that neuronal cells could also respond to exogenous stimuli with significant production of proinflammatory molecules. Actually, kinin peptides as well as neurotoxin MPP+ induced a high release of TNF-, IL-1 , and IL-6 ( Figure 4 ). In addition, simultaneous treatment of cells with MPP+ and peptides led to enhanced cytokine production. BK evokes a high production of TNF-, IL-1 , and IL-6, the cytokines of crucial importance for development of inflammatory response in nervous tissues [34, 35] . Therefore, we can suggest that BK-induced cytokines, especially TNF-, produced by neurons may promote inflammatory processes, causing cell death in our PD cellular model. This assumption is in agreement with the observation obtained in a study using transgenic mice that lacked TNF-receptors; the animals were completely protected against neurotoxicity of MPP+ [36] .
The other peptide, DAKD, was able to induce enhanced iNOS mRNA expression in neuron-like cells and also caused overproduction of ROS and NO, which could contribute to starting the extrinsic oxidative stress pathway, especially in the presence of exogenous MPP+ (Figure 3 ). Like BK, this peptide also caused the release of large amounts of cytokines in neuron-like cells, as well as in the PD cellular model (Figure 4) . Hence, our observations argue for the mediation of kinin peptides, especially the B1R agonist, in degenerative processes occurring in the PD cellular model through increased oxidative reactivity and prolonged inflammatory processes. The dopamine receptor 2 (D2R) plays an important role in Parkinson's disease. Increased D2R expression has been reported in untreated PD patients [37] . However, receptor density and binding potential for agonists gradually decrease during disease progression. The existence of two types of D2 receptor has been reported [37, 38] . The long isoform differs from the short type by the presence of 29 additional amino acids in the third intracellular loop. These receptors possess different functions: the longer receptor is associated with postsynaptic effects, where in cooperation with the dopamine receptor type 1 it modulates the dopaminergic responses producing locomotor activation. On the other hand, the shorter isoform is present, mainly in presynapses, where it acts as an autoreceptor, regulating dopamine secretion by dopaminergic neurons [38] . Here, we report the decrease of D2R expression by MPP+ and suggest that the loss of these receptors implies neurodegeneration. In fact, a protective role of D2 autoreceptors against MPP+ has been reported in Drosophila primary neuronal cells [39] . It seems that at the early phase of degenerative processes both receptor D2 isoforms are important for neuroprotection. The lack of postsynaptic D2R may result in degeneration of nervous tissues due to disturbances of the dopaminergic pathways. In turn, the loss of D2 autoreceptors can also lead to cell degeneration because the regulation of dopamine production and release is perturbed, leading to their oxidation by monoamine oxidase that may trigger enhanced redox processes in cells [40] . Therefore, the observed lower expression of D2R mRNA and protein induced by MPP+ corroborate these reports, demonstrating that our cellular model can reflect neurodegenerative features described in PD.
To explain the kinin action in the PD cellular model, the expression of their specific receptors was analyzed after MPP+ stimulation. Kinins and their metabolites without the C-terminal arginine residue (des-Arg kinins) are recognized by two types of receptors, B1R and B2R [13] . The first type of receptor preferably binds des-Arg kinin peptides, whereas B2R primarily recognizes BK and kallidin. The B2R is ubiquitous in numerous types of cells and plays a pivotal role in several physiological processes while B1R is mainly induced by certain stimuli during pathological disorders. Both receptor types may also be involved in inflammatory processes. The B2 receptor plays an important role in acute inflammation while B1R is rather associated with chronic inflammation. This study shows a large increase in B1R mRNA expression that is translated into protein ( Figure 6 ). Therefore, enhanced inflammatory processes in neuronal cells caused by MPP+ are also associated with functioning of this receptor. After activation, it can propagate processes leading to cell degeneration. Interestingly, in the case of the effect of MPP+ on B2R expression, the results were less clear. The mRNA expression of this receptor was not changed by MPP+ (Figure 7 ). However, a slight decrease of B2R protein after neurotoxin stimulation was observed. These results can indicate, as in the case of D2R, that B2 receptors play an essential role in the protection against MPP+. Indeed, the mediation of BK through B2R in the neuroprotection has recently been proposed [30] . Nevertheless, the expression of B2R is less vulnerable to changes; this receptor after agonist binding and internalization may recycle to the cell surface [13] . In addition, BK can be converted to des-Arg metabolites by carboxypeptidases, present in different tissues, including the brain [6, 41] . Moreover, BK was also able to induce B1R expression on cell membranes [42] . Hence, the observed effect of BK on cell viability and caspase activity can partially be associated with their transformation to des-Arg metabolite, which directly triggers inflammatory and redox reactions leading to neurodegeneration.
Finally, the observations concerning the diminishing of D2R expression by kinin peptides (Figure 8 ) may confirm a hypothesis of the mediation of these peptides in neurodegenerative processes related to PD. The major effects were observed for the action of DAKD, the B1R agonist. These observations, combined with those obtained from the effect of MPP+ on B1R expression, allowed us to attribute a main role in the development of PD to the des-Arg peptides. The effect of BK could be also attributed to des-Arg bradykinin formation, since in these experiments kininase inhibitors were not used. However, the role of BK in neurodegeneration is not absolutely clear at present and this issue requires additional, more profound studies.
Conclusions
In this study we examined the effect of kinin peptides on inflammatory and oxidative reactions in a PD cellular model.
Kinins as well as their metabolites without arginine residue at the C-terminus were able to induce significant changes in the release of ROS and proinflammatory cytokines. These changes are accompanied by intensified apoptotic processes. Induced expression of B1R by MPP+ may also contribute to a potentiation of inflammatory response. This, in turn, may also enhance cell death processes. Greater abundance of kinin
